The blocking mechanism of the Na + channel by penticainide, a disopyramide analogue, was studied in rabbit cardiac Purkinje fibers. Na + channel activity was measured directly by recording the slowly inactivating Na + current or indirectly by measuring V^,. The twomicroelectrode technique was used to measure currents under voltage-clamp conditions or to impose different degrees and durations of depolarizing pulses. The experimental results show 1) that penticainide exerted a pronounced use-dependent block not dependent on the duration of the depolarizing pulse, 2) that no block was observed in the absence of stimulation, even when the membrane was depolarized by conditioning prepulses, and 3) that recovery was slower the more negative the holding potential but could be accelerated by repeating the depolarizing pulse; there was not only use-dependent block but also use-dependent unblock. It is concluded that penticainide binds to the open Na + channel and is trapped when the activated channel returns to the rested state. (Circulation Research 1988;63:50-60) P enticainide is a substance belonging to the group of 2-alkyl-(4-(dialkylamino)2-) pyridylbutyramides. It can be viewed as derived from disopyramide in which the a-phenyl moiety has been replaced by an alkyl chain.
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The blocking mechanism of the Na + channel by penticainide, a disopyramide analogue, was studied in rabbit cardiac Purkinje fibers. Na + channel activity was measured directly by recording the slowly inactivating Na + current or indirectly by measuring V^,. The twomicroelectrode technique was used to measure currents under voltage-clamp conditions or to impose different degrees and durations of depolarizing pulses. The experimental results show 1) that penticainide exerted a pronounced use-dependent block not dependent on the duration of the depolarizing pulse, 2) that no block was observed in the absence of stimulation, even when the membrane was depolarized by conditioning prepulses, and 3) that recovery was slower the more negative the holding potential but could be accelerated by repeating the depolarizing pulse; there was not only use-dependent block but also use-dependent unblock. It is concluded that penticainide binds to the open Na + channel and is trapped when the activated channel returns to the rested state. (Circulation Research 1988;63:50-60) P enticainide is a substance belonging to the group of 2-alkyl-(4-(dialkylamino)2-) pyridylbutyramides. It can be viewed as derived from disopyramide in which the a-phenyl moiety has been replaced by an alkyl chain. 1 It is a substance with antiarrhythmic activities as shown by studies on animals and in vitro electrophysiological analysis. 2 -4 The major effect was a decrease in maximum rate of depolarization (V^J in atrial, ventricular, and Purkinje preparations; in Purkinje fibers, a shortening of the action potential duration was noted; sino-atrial activity was not affected. The decrease in >/"" was frequency-dependent with a relatively rapid rate of onset but a rather slow recovery. 4 The main topic of the present study is the analysis of the frequency-dependent block of the Na + current and, more specifically, whether the increase of block with activity and the slow recovery from block during rest are dependent on activation or inactivation. With respect to the increase of binding during activity, two different hypotheses have been proposed. According to the receptor-modulated hypothesis, 56 the affinity of the channel receptor is different for the rested, activated, and inactivated states. According to the guarded receptor hypothesis, 7 -9 affinity is supposed to be constant but the channel gates are viewed as restricting access to the binding site.
As for slow recovery from block, different possibilities have been proposed. 5 -9 One possibility is to suppose that a blocked channel enters an inactivated state from which recovery is slow. Because removal of inactivation is favored at negative membrane potentials, hyperpolarization is expected to speed up recovery from this type of block. Another way of explaining slow recovery is to assume that a change from activated to rested state strengthens the binding of drug to the channel, a situation that has been called activation gate trapping. In this case, hyperpolarization will have the opposite effect and slow the recovery process because the chance to open or activate a channel is less at negative membrane potentials. The results of the present study clearly demonstrate activation trapping for penticainide. This way, clamping at hyperpolarized levels up to -120 mV only required small currents. Depletion or accumulation of K + was thus very improbable, especially in a preparation known to have rather wide intercellular spaces.
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The two-microelectrode technique was used to measure currents under voltage-clamp conditions or to impose different degrees and durations of depolarizing pulses. Na + channel activity was measured directly by recording the slowly inactivating Na + current 12 or indirectly by measuring V^. Details of the clamp program to differentiate between activation and inactivation block and to study recovery from block will be given in "Results." V^ was used as an indirect method to evaluate Na + current.
To the extent the action potential in the present conditions is not a pure membrane action potential, deviation from linearity between V,^ and Na + current may be more pronounced than in single cells. 13 Our conclusions, however, are not based on quantitative but rather on qualitative comparisons.
Drugs
Tetrodotoxin (6xl0" 5 M; Sankyo Ltd, Tokyo, Japan; Hebei Fisheries Research Institute, Hebei, China) was used to block the Na + current. Penticainide (Sanofi, Montpellier, France) was added to the perfusion solution in concentrations between 10~5 and 10" 3 M. experiments illustrated in Figures 1 and 2 . The clamp protocol consisted of 50-msec clamp periods at -75 mV, interrupted by 10 msec to -45 mV. Between the two clamps, the preparation was stimulated to measure V,,^ ( Figure 1 ). In Figure 2A , the resting clamp period was at -8 0 mV, and its duration was varied between 0.06 and 3.0 seconds. Before each series of clamps, the preparation was rested for 5 minutes. From the examples shown ( Figure 1 ) it is clear that penticainide 3 x 10" 5 M had no eflFect on the upstroke of the first depolarization (i.e., it did not exert a tonic eflFect). Repetition of the stimulus at a given frequency resulted in a gradual decline of V^, which could be described as a monoexponential decay. The time course as well as the magnitude of the block changed with frequency ( Figure 2 ). The onset rate of block, expressed as the inverse of the number of depolarizations, was greater the longer the stimulus interval ( Figure 2B) ; the extent of the block showed the opposite relation.
Results

Penticainide Blocks the
The existence of use dependence implies extrablock occurring during activity and an insufficient recovery during the rest period between stimuli. The obvious questions to be answered are 1) is there a preferential binding to the activated or inactivated state and 2) what is the time course and the pathway for unblocking?
Activation or Inactivation Block?
A possible way to differentiate between activation and inactivation block is to investigate the amount of use-dependent block developed when depolarizations of different durations are repetitively applied. The protocol consisted of the following sequence: a depolarizing stimulus above threshold for measuring V^, followed by a clamp to -45 mV for either 10 msec (short pulse) or 500 msec (long pulse) and, finally, a clamp of 50 msec to -80 mV. This protocol was repeated until steady state was obtained. Under normal conditions (i.e., absence of drug), repetitive stimulation using the short pulse program does not result in accumulation of inactivated channels, and recovery following the depolarization is rapid. A small decrease in V^ is seen for the long pulse program ( Figure 3 ). This eflFect is probably due to entering a state of inactivation from which recovery is slow.
14 Accumulation or depletion of K + can be excluded by the use of 20 mM Cs + , which blocks the inward rectifier (see "Materials and Methods"), and the membrane potential was effectively controlled except during the time Vnaot was measured. In the presence of penticainide, a substantial accumulation of block is visible. The two examples in Figure 3 show successive values of Vmax for the two programs as a function of the number of depolarizations. Although not completely superimposable, the time evolution for the two programs is very similar. If we had plotted the data as a function of time instead of as number of depolarizations, the decline of V^ for the long program would have been much slower than that of the short pulse program. Inactivation, which is obviously more pronounced for the long pulse program, apparently does not favor development of block. Activation thus seems to be required.
Activation Block Is Rapid
The next step was to determine more directly the time course of development of the activation block. Because of the existence of a slowly inactivating Na + current, the rabbit Purkinje fiber offers this special opportunity. The method was applied to measure activation block by tetrodotoxin 15 and by lidocaine and quinidine (E. Carmeliet, unpublished observations).
When a depolarizing clamp step of 1-second duration is applied to a Purkinje preparation from a holding potential of -100 to -45 mV, a net inward current is obtained that slowly declines with time ( Figure 4 ). The time course of the Na + current (estimated by adding a massive dose of tetrodotoxin, 3 x 10~3 M) can be described by one exponential and a constant. For longer pulses, the total Na + current consists of at least three exponentials.
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In the presence of increasing concentrations of penticainide, the following changes are seen. At a concentration of 3 x 10~5 M, the current in the particular case of Figure 4A was already decreased to 72% at the beginning of the depolarizing clamp step. Estimation of the percentual block by calculating the ratio of the currents in the presence and in the absence of penticainide reveals that the relative Figure I. decrease remains constant during the whole clamp ( Figure 4B ). A similar result was obtained for higher concentrations. Figure 5 shows a plot of the doseeffect relation for the initial block and the block at the end of a 1-second pulse in seven experiments. The EDJO was obtained at 8.6xlO" 5 M (initial current) and at 7x 10" 5 M (steady-state current). A Hill plot of the data had a slope of 0.96 for the initial and 1.02 for the steady-state currents, suggesting a one-to-one molecular interaction between the drug and the Na + channel receptor. The fact that the block was unchanged during the course of the depolarizing clamp step can be explained in two ways: either activation does not favor binding of the drug and block is due to rested state block or binding to the activated Na + channel is so fast that block is completed during the initial msec when the membrane potential is out of control. Information presented in Figures 1 and 3 excludes the presence of a tonic block but suggests the presence of an activation block ( Figure 3) . The absence of a supplement of block during the 1-second depolarization thus suggests a rapid development of block during the initial 10-15 msec. The deficiency of voltage-clamp control during the fast surge of inward Na + current makes a quantitative estimation of the exact time course impossible.
Absence of Inactivation Block: Further Arguments
The thesis that inactivation did not favor block by penticainide was substantiated by the following experiments. Different levels of steady-state inactivation were induced by holding the membrane potential at voltages between -120 and -65 mV. A single stimulus was applied following a rest period of 5 minutes at each potential. V^ was used to estimate the change in Na + current. Under control conditions, V^ decreased with conditioning depolarization, and the relation could be described by a sigmoidal curve. In the presence of 3xl0~5 M penticainide, the relation did not change ( Figure 6 ). The result clearly shows that inactivation preceding the test pulse did not favor block by penticainide. In this respect, reference can also be made to Figure 1 , which shows the absence of a tonic block at -75 mV, a potential where a substantial amount of inactivation exists under control conditions. In a second series of experiments, the effect of different degrees of inactivation on the block induced by penticainide was studied by measuring the slowly inactivating Na + current. Inactivation was induced by applying depolarizing pulses of a duration of 1 second (one experiment) or 30 seconds (two experiments) to potential levels between -100 and -45 mV. The conditioning prepulse was followed by a test pulse to -4 5 mV, and the change in the slowly inactivating Na + current was measured. The results were comparable in the three experiments. One of the experiments with 30-second conditioning depolarization is shown in Figure 7 . Under control conditions, the amplitude of the slowly inactivating Na + current decreased in a sigmoid fashion as the conditioning depolarization was made more positive. In the presence of penticainide, the current was depressed at all potential levels to approximately the same extent ( Figure 7A ). Normalized data did not show any potential dependent effect ( Figure 7B) . The presence of a depression at the beginning of the pulse is similar to the block described in Figure 4 and is due to the rapid block of activated channels. In the case of V^,, measurements, such a decrease was not seen probably because the time for V^ to reach its maximum value is too short to allow substantial block to occur.
Use Dependence and Holding Potential
The preceding experiments strongly suggest that penticainide block occurs during activation and is not favored by inactivation. The following experiments, however, will show that changing the holding potential and thus changing the relative amount of inactivation had a definite effect on the magnitude and the time course of the use-dependent block (Figure 8 ). The experiment consisted of changing the holding potential to different levels between -100 and -70 mV and subjecting the preparation to repetitive depolarizations. A short pulse program with a basic period of 60 msec was used in which the membrane was depolarized during 10 msec and kept hyperpolarized for 50 msec. V^,, was measured just before the depolarizing step. The protocol was started after a rest period of 5 minutes and was repeated until steady state.
The results ( Figure 8A -C) can be summarized as follows: 1) At all potentials, V^,, of the first pulse was identical in the absence and presence of the drug, confirming the absence of tonic block; 2) for holding potentials between -100 and -75 mV, the amplitude of the relative block increased the more positive the holding potential ( Figure 8B ), from 18% at -100 mV to 53% at -75 mV; at potentials positive to -75 mV, however, this relative block was again less pronounced (49% at -70 mV; see also Figure 9 for an example at -65 mV); 3) accumulation of block with time as shown by the decrease of V^,, proceeded along a monoexponential time course; the time constant increased the more positive the potential ( Figure 8C) . A similar observation on the time course of block has been made by Strichartz 16 on the node of Ranvier, with quaternary derivatives of lidocaine. The change of the inactivation curve whereby a maximum block was obtained at intermediate potentials is different from the simple parallel shift on the voltage axis in the hyperpolarizing direction for local anesthetic agents such as lidocaine. 17 -19 The existence of greater use-dependent block for moderate depolarizing holding potentials is further confirmed by experiments illustrated in Figure 9 . The figure shows the evolution of V^ during a series of short depolarizing pulses and the effect of changing the holding potential between depolarizing pulses from -100 to -80 mV and from -65 to -80 mV (two different preparations). In control conditions, the decrease of V max on depolarization and the increase of V^ on hyperpolarization are very fast phenomena as expected for a change in inactivation level. In the presence of the drug, additional slow changes on top of the instantaneous changes are visible and refer to increase or decrease of the number of blocked channels. For a change in holding potential from -100 to -80 mV, block increases; in a similar manner, a time-dependent increase in block is seen for a hyperpolarizing step from -65 to -8 0 mV. These two examples show that block is more pronounced at -8 0 than at -100 or -6 5 mV and confirm the findings illustrated in Figure 8 .
Activation Trapping
One of the conditions required to observe usedependent block is slow recovery from block during the rest period. Recovery from block can be potential-dependent. In the case of lidocaine, for instance, recovery from block is accelerated by hyperpolarization.
1819 Such a characteristic can be taken as suggestive for trapping in the inactivated state. If, on the other hand, a drug is trapped when the channel returns from the activated to the rested state, the reverse potential dependency will be observed (i.e., recovery will be slower the more negative the holding potential). This is understandable because the probability to have the activation gate in the open position will be smaller the more negative the holding potential. Such a behavior has been described for QX 222.
16M
It was thus of interest to verify whether and how recovery from penticainide block was dependent on potential. Recovery from block was studied by applying test stimuli at different intervals after attainment of steady-state block. In the absence of the drug, recovery after the end of a train of depolarizations is rapid. In the presence of penticainide, an accumulation of block occurs during the train, and recovery from block follows a slow exponential time course. When studied at different holding potentials, the block showed a pronounced voltagedependent behavior. In contrast to recovery from inactivation, recovery from block was faster at less negative potentials but very slow at more negative potentials. Time constants at -70 mV, for instance, were 10 seconds and increased to 50 seconds at -100 mV ( Figure 10 ). These results are in favor of activation trapping. The behavior of penticainide is comparable with that of QX 222, a charged quaternary ammonium derivative. 20 Penticainide is not a quaternary substance but because of its pK a of 10.0 is more than 99.9% in the charged form at the normal pH of the perfusion solution.
Use-Dependent Unblocking
If the channel in its closed rested state traps the drug, unblocking will occur when the channel is activated. This means that not only use-dependent block but also use-dependent unblocking should occur and that the time course of recovery from block does not need to be slow in all conditions. The following experiment shows that recovery, which is extremely slow when it is measured by a single stimulus at a variable interval following a train, can be very fast when the preparation is repetitively stimulated. In the experiment illustrated in Figure 11 , block was first elicited by repetitive depolarization from a holding potential of -80 mV. When steady state was obtained, the holding potential was changed to -100 mV while stimulation was continued. From the previous information (see Figure 8) , it is known that the steadystate block is smaller at -100 than at -80 mV. Instead of the very slow recovery with time constants in the order of seconds (see Figure 10 ), the decrease in block (predicted from Figure 8 ) occurred very fast and was complete after some 10-15 periods of 50 msec. Recovery occurred in two phases: an instantaneous step increase in >/",", which is due to recovery from inactivation of unblocked channels, followed by an exponential fast recovery, which was complete in a few hundred millisecondsand is due to recovery of blocked channels. This fast recovery contrasts with the extremely slow recovery seen when the preparation was stimulated by a single stimulus following a train. This observation confirms the existence of drug trapping by the closed channel. Indeed, if the channel is activated repetitively in a situation where a net decrease in block can occur (e.g., changing the holding potential from -80 to -100 mV), drug trapping and block will quickly disappear. This means that recovery depends on opening of the channel and that its rate is determined by the number of openings (i.e., recovery is a use-dependent phenomenon and is faster the more frequent the channel is used).
Discussion
The present experiments have shown that 1) penticainide exerted a pronounced use-dependent block not dependent on the duration of the depolarizing pulse; 2) no block was observed in the absence of stimulation, even when the membrane was depolarized by conditioning prepulses; and 3) recovery was slower the more negative the holding potential but could be accelerated by repeating the depolarizing pulse. Not only block but also unblock was usendependent. From these results, it is concluded that penticainide binds to the open Na + channel and is trapped when the activation gate is closed. The drug does not bind preferentially to the rested or inactivated state.
The experiments with short and long depolarizations ( Figure 3) clearly showed that the block was only a function of the number and not of the duration of depolarizations. Prolonged depolarizations rather favored dissociation of the drug from the channel because steady-state block for the long depolarization program was smaller than for the short program. The drug thus blocked the channel in the activated state, and inactivation could be excluded as the main factor in determining the magnitude of the block. This conclusion was further confirmed by the finding that conditioning predepolarizations to different voltage levels did not affect the magnitude of the block (Figures 6 and 7) .
Time Course of Binding to the Activated State
Attempts to measure directly the time course of binding to the activated channel failed in the sense that only an estimate of an upper value and not an exact value for the time constant could be given. The block during a depolarizing pulse apparently was so fast that a quasi-steady state already was obtained during the time the clamp was out of control. Because this period was in the order of 10 msec, the time constant of penticainide binding to the activated channel might be estimated to be of the order of a few msec.
Indirect estimations of the time constant for the binding reaction can be made using the information obtained from the use-dependent block as a function of the interstimulus interval (Figure 2 ) and the interstimulus holding potential (Figure 8 ). According to the guarded receptor hypothesis, 8 the blocking rate (A) of a drug expressed as pulses" 1 should be linearly related to the stimulus interval (tr) according to the following formula: A = Id/rd + tr/rr, where td = duration of depolarization during which block is possible, rd = time constant of this process, and rr = time constant of recovery from block. The existence of such a linear relation has been verified in the present experiments ( Figure 2B ) and can be used to estimate time constants of binding to the activated state and time constant of recovery from block. Extrapolation to zero time yielded a value of 0.078 for A. Taking the time available for binding, td, as 1 or 0.5 msec, the time constant for binding to activated channels (rd) can be estimated to be 12.8 or 6.4 msec, respectively. From the slope of the relation, rr was calculated to be 18.5 seconds, a value very close to the experimentally determined value of the recovery time constant at the holding potential of -8 0 mV ( Figure 10 ).
In a similar manner, information of the time course with which use-dependent block builds up at different holding potentials was used to estimate rd. Knowing tr/rr ( Figure 10 ) and the rate of onset A ( Figure 8C ) and taking td to be 1 msec, rd was calculated to vary from 3 msec at -120 mV to 20 msec at -75 mV. An increase of rd for less negative potentials is predicted by the guarded receptor hypothesis for the case of a drug acting via the hydrophylic pathway (see Starmer et al, 8 
Equation 8).
Use-Dependent Block and Unblock: Activation Trapping Slow recovery from block at resting potentials is one of the requirements to obtain use dependency. Contrary to results obtained with lidocaine or cocaine 17 -19 and quinidine, 21 recovery from block with penticainide was not facilitated by hyperpolarization. Instead, time constants for recovery were found to increase exponentially with hyperpolarization ( Figure 10 ). Such a result excludes the hypothesis of a second inactivated state from which recovery is slow as a possible explanation because hyperpolarization should favor removal of inactivation and thus speed up recovery. Activation trapping, on the other hand, may offer a plausible explanation. According to this hypothesis, block is favored by a change of the channel from activated to rested state. Because the chance to open or activate the Na + channel is less the more negative the membrane potential, a slowing of recovery from block is expected.
Consistent with the hypothesis of activation trapping, unblocking was also found to be use-dependent ( Figure 11 ). Instead of tens of seconds needed for recovery in hyperpolarized and unstimulated preparations, only a few depolarizations were needed to unblock the stimulated preparation. Assuming that dissociation or unblocking only occurs during the rapid upstroke of the action potential (i.e., when the channels are in the open state), a time constant of a few msec can be estimated for this process.
Our experimental results represent the first demonstration of activation trapping and activation unblock in the cardiac Na + channel. The phenomenon, however, is well known for other preparations and was already described in 1971 for block of the K + channel in the squid giant axon 22 by quaternary ammonium derivatives. In case of the neuronal Na + channel, activation trapping was demonstrated for drugs such as QX222 and QX314, 16 -20 for 9-aminoacridine, 20 and recently for disopyramide and a number of analogues. 23 In cardiac Purkinje fibers, disopyramide also blocks the Na + channel in a similar manner. 24 To a certain extent, the above mentioned drugs and penticainide can be compared. While QX222 and QX314 contain a quaternary ammonium group and are thus permanently charged, 9-aminoacridine, disopyramide, and penticainide are tertiary amines with a pK a value 10.0 (i.e., they are for more than 99% in the charged form under physiological conditions). Because all these drugs show activation trapping, this blocking characteristic seems to be the prerogative of charged agents. Access to and block of the open channel is generally assumed to occur from the intracellular side; substances such as QX222 and QX314 do not block from outside but have to be applied from inside. 20 Charged substances, on the other hand, do not readily diffuse across the lipid phase of the membrane. The problem thus rises of how penticainide and disopyramide reach this side in sufficient amount to block efficiently the Na + channel. The question can be then asked whether drugs such as penticainide and dysopyramide block by interfering with the channel from outside. In this respect, it can be mentioned that tetrodotoxin, which is known to bind from the outside, inhibits the sodium channel during its activated state. 15 Studies at the level of single cells or single channel may provide the answer to this question.
Penticainide as an Antiarrhythmic Agent
Gautier et al 4 examined the electrophysiological characteristics of penticainide using standard microelectrode techniques. These authors found very little depressing effect of V^ for the first action potential after a rest period of several minutes in accord with our finding of the absence of rested state block. Values for the time constants of onset (0.083 AP~') are consistent with the present results. Recovery from block (time constant of 38.5 seconds) was somewhat slower than in the Purkinje preparation. Measurements of >/"," as a function of membrane potential, using different potassium concentrations or stimulation during the relative refractory period, revealed a shift of the inactivation curve downwards and to more negative potentials, which Gautier et al 4 mexiletine, 31 quinidine, 21 and procainamide. 32 In the case of penticainide and disopyramide, 24 hyperpolarization does not facilitate but slows recovery. From a therapeutical point of view, recovery that is slowed at hyperpolarized levels may not be regarded as an advantage. It should be realized, however, that in stimulated preparations, changes in block are rather fast due to the fact that block as well as unblock are use-dependent phenomena.
